a Nanostructured germanium substrates are produced by gold ion implantation; they show periodic ripples of nanometer size, decorated on the top and partially on one side with a forest of curled nanowires that end with gold-rich nanoparticles. For the first time, through a novel two-step soft lithography transfer process, the multi-scale nanopatterns are replicated, with features well below 100 nm, on biocompatible 2-norbornene ethylene cyclic olefin copolymer substrates. Given the suitable aspect ratio of the nanoripples and the peculiarity of their multiscale structure, the final substrates are available for cellmaterial interaction studies that can shed light on the role of the hierarchy of nanostructured materials in controlling the large-scale cellular behavior on biocompatible scaffolds. This work also presents an original combination of numerical analyses of scanning force microscopy images, which allows an accurate quantitative description of the outputs of the two-step transfer process.
Introduction
Ion beam bombardment at a few tens of keV energy can lead to the spontaneous formation of periodic ripples or dot nanopatterns on the surface of semiconductors, metals and insulators.
1 As a single-step method to fabricate regular patterns over large surface areas, it can potentially overcome the limits of conventional lithographic methods, when nanometric features and high-throughput production capability are required; 2 hence, ion beam induced nanopattern formation has been investigated for different applications, such as electronic 3 -and bio-devices. 4 To date, a comprehensive theoretical description of all the mechanisms governing the ripple and dot formation is still under debate. According to the Bradley and Harper theory 5 and its non-linear generalization for the long time limit, 6 the self-organized pattern formation is the product of a competition between a curvature-dependent roughening instability by surface sputtering, and a surface smoothening process by thermal diffusion or other relaxation mechanisms. 7, 8 The experimental works have highlighted the dependence of the nanopattern characteristics on various parameters, such as the ion beam energy, incident angle, dose and species, as well as the sample temperature. Despite the theoretical progress made so far, it is still difficult to directly correlate all the diverse nanopattern features, achievable by tuning the experimental parameters, to the numerical parameters used in the theories describing the physical mechanism.
9 Therefore, the production of nanostructures for specic applications still relies on semiempirical choices of the ion beam parameters and sample properties.
10
A peculiar phenomenon develops when the surface of germanium and other III-V semiconductors is irradiated at room temperature with heavy ions 11 (Mn + being the lower mass ion reported 12 ), with energy spanning from few tens of keV to MeV and a uence in the range of about 10 15 to 10 17 ions per cm 2 . Nanometric voids are formed in the amorphized material and, depending on the primary ion energy, irregular porous structures 11 or hexagonally ordered nano-holes 13 can be induced, both with a mean diameter of the order of 50 nm or less. It was also shown that nanodot-like surface patterns rst, and nanohole-like surface patterns aerwards, can evolve with the ion energy into a sponge-like morphology.
14 The Ge nanovoid formation was rst reported by I. H. Wilson et al., 15 and more recently it has been discussed also for ion implantation at lower energy. 13, 14 The developed patterns do not match those predicted by the curvature dependent erosive instability, and are instead a specic phenomenon of germanium and other III-V semiconductors. 9 They are thought to depend on vacancy accumulation and clustering, forming voids at variable depth in the amorphous layer, and, for specic energy ranges, close enough to the irradiated surface to be later (i.e. with the increasing ion dose) exposed by surface erosion.
14 In the microelectronics industry, germanium has recently drawn renewed attention for high-performance devices, because of its intrinsic high electron and hole mobility, smaller band-gap and lower process temperature as compared with silicon. The combination of its semiconductor properties with the pore characteristics, such as the pore geometry, the large surface to volume ratio and the possibility of hosting metal nanoparticles, allows in principle the engineering of this material for optoelectronics, and photovoltaic applications. 16 In addition, the sponge-like structure could be relevant for lters, 17 gas sensors, 18 and thermoelectric materials.
19,20
The possibility of a multiscale structuring of a germanium surface by ion implantation, aimed at merging into a single step self-organized ripple patterns of a few hundred nanometer periods, and sponge-like structures of a few ten nanometer size that lie mainly on the ripple crests, is new and envisages its importance in various applications of advanced functional surfaces. In this work, this kind of multiscale topology was obtained by bombarding a Ge surface with Au + ions, following a recipe rst reported by Mollick et al. 21 Cross-section transmission electron microscopy (TEM) (ESI, † Fig. S1 ) has shown the presence of nanowires on the top of the ripples, forming a sponge-like structure, ending in gold-rich nanoparticles, as shown by the joint EDX analysis (data not shown).
Different possible applications of this hierarchical structure can be envisaged. Here it is only mentioned that, in nanoporous semiconductors, the presence of periodic patterns has been shown to be promising for tuning optical properties 22 and thermoelectric properties. 23 In addition, the periodicity of the ripples ensures a periodic spatial distribution of the Au nanoparticles that could in principle be used for those applications related to in-plane biaxial optical anisotropy, such as a polarization sensitive localized plasmon surface resonance. [24] [25] [26] In this perspective, the possibility of aligning the metal particles on the top of the crests in conjunction with the ion beam irradiation step, and not aer the fabrication of the ripple template on the substrate, constitutes a valuable step forward towards the largescale integration of semiconductor and plasmonic devices. This communication reports a completely different technological use of the obtained multiscale nanopatterned germanium substrates, namely a fabrication process of bioactive surfaces for regenerative applications. The structure-function relationship of many biomaterials oen depends on their hierarchical structure. 27 An example is provided by the extracellular matrix (ECM), which forms the natural cell scaffold and the main extracellular tissue component. Via the mechanotransduction mechanism, the mechanical forces provided by the ECM multiscale topography induce cellular responses, which in turn modulate changes to cell morphology and function. 28 Recent studies 29, 30 have shown that cells alter their phenotype in response to ECM topographical features on different scales, ranging from nano to micron sizes. The design of biomaterials for tissue regeneration aims to fabricate scaffolds that mimic some specic ECM environment characteristics, gaining control over the desired cell response.
30
For example, in the eld of neural regenerative medicine, adhesion, polarization and migration properties of neuronal cells driven by contact interaction with articial cues of biocompatible plastic substrates have been largely studied. 28, [31] [32] [33] [34] [35] Rigid silicon molds with alternating lines of ridges and grooves (periodicity $ 1 mm, groove depth between 250 nm and 500 nm) were fabricated by electron beam lithography and dry etching techniques, and the patterns were then transferred in a reproducible way onto a thermoplastic material, the copolymer 2-norbornene ethylene cyclic olen copolymer (COC), by thermal nanoimprinting lithography (NIL). "Ideal" nanogratings (NGs) as well as NGs with controlled degrees of random topographical noise were fabricated. The structures resulted capable of tuning cellular mechanotransduction, in terms of neurite alignment and focal adhesions development, while the loss of neurite alignment showed a threshold response to the level of noise, with cells able to successfully retrieve the NG topography for up to about 50% of the randomly reduced surface directionality. 28 It is particularly remarkable that in these studies no surface functionalization was required.
To further help the rational engineering of scaffolds for, but not limited to, the regeneration of the nervous system, smaller spatial scales of cell-ECM topography interaction is one of the possibilities to be investigated. To this aim, the self-organized periodic ripple nanopatterns with the superimposed nanowired structure obtained by ion irradiation have been used in a new two-step pattern-transfer process, producing a nal replica onto a COC substrate. This result allows the investigation of the mechanotransduction from articial regular geometries characterized by a periodicity of about 300 nm, which considerably reduced the value of 1 mm or greater previously considered.
28,31
Furthermore, the presence on the ripples of the thermoplastic substrate of what has been reproduced of the original nanowired morphology (of an initial average height of about 90 nm) can contribute to the biological study of the interplay between features of different nano-size in modulating the cellular response to topographic cues. This can cast light on the role of the hierarchy of nanostructured materials in controlling the large-scale cellular behavior on biocompatible scaffolds. 29 The production of the nanostructured germanium by Au + implantation is an expensive process, in terms both of the time and the infrastructure needed. Accordingly, the two-steps transfer process was designed to preserve the fragile original germanium substrate by fabricating in a short time one or more low-cost intermediate peruoropolyether (PFPE) molds. The intermediate mold was then used in a thermal NIL process to transfer the original nanopatterns onto many (up to tens) nal biocompatible COC replicas. Fig. 1 outlines the two-step transfer process.
To the authors' knowledge, this is the rst case in which a substrate nanopatterned by ion beam irradiation has been successfully transferred by a so lithography nanofabrication process onto thermoplastic surfaces. This result paves the way to a variety of future applications in different areas of nanotechnology, not necessarily restricted to the biomedical eld.
Experimental

Ge sample preparation
For the two step transfer process for NIL mold fabrication, two specimens of 1 Â 1 cm 2 area were cut from a Ge (100) ). This method is less stressful for the mold than the usual thermal crosslinking process used for standard elastomeric materials. 36 The exposure was performed in two steps: rst, the sample was kept 180 s in nitrogen atmosphere, then 60 s in air. Aer curing, the PFPE lm was peeled off and cleaned with nitrogen ow. COC foils were then imprinted using an Obducat Nanoimprint 24 system (Obducat, Sweden) using the PFPE molds. Aer cleaning with 2-propanol, the COC substrates were placed on top of the molds and soened by raising the temperature up to 150 C. A pressure of 50 bar was then applied for 300 s before cooling down to 70 C, i.e. below the glass transition temperature of the copolymer (T g ¼ 134 C). Finally, the pressure was released and the mold was detached from the imprinted COC with a scalpel.
Sample analysis
To evaluate the delity of the transfer process from the initial germanium samples to the nal thermoplastic substrates, Ge-LD, Ge-HD, and their corresponding PFPE and COC replicas were analyzed by Atomic Force Microscopy (AFM), operating in semi-contact mode using a scanning probe microscope [Solver Px, NT MDT Co] with silicon tips of a nominal radius of less than 10 nm. Scan areas of 10 Â 10 mm 2 were acquired with a resolution of 1024 Â 1024 pixels.
The same samples, and the germanium samples irradiated with the two additional uence values, were analyzed by eld-emission Scanning Electron Microscopy (SEM), using a Jeol JMS 7401F, with less than 5 mm of working distance and an acceleration voltage of 5 kV, choosing the secondary electron detector in column (SEI). To avoid charging effects, before the SEM analysis the non-conductive PFPE and COC samples were coated by a Pt/Pd lm 6 nm thick. For both AFM and SEM analysis, different portions of the surface were always analyzed.
The numerical analysis of the AFM topographies was carried out using in-house-developed codes in the R soware environment, 37 with the statistical package stats, and in Python, 38 with the scientic and numerical packages Numpy, Scipy, Matplotlib. The one-dimensional height-height (Z-Z) autocorrelation function (ACF) was calculated from the respective AFM topography along the direction (x) parallel to the ripple wave vector. The rst peak position of the ACF and its 95% con-dence interval (c.i.) were obtained by the nonlinear leastsquares estimates of the parameters of a nonlinear tting model (nls) and their related condence intervals. For a better color display of all the AFM 2D and 3D images, in the lower and upper range of the corresponding Z height histogram the one-unit counts isolated between non-populated channels were detected, and their Z values were put equal to the value of the nearest populated channel. This lter was not applied to the numerical analysis of the AFM images. To calculate the mean roughness depth R Z , all the linear x scans of the corresponding AFM topography were considered, and, for each scan, the difference between the highest Z value and the lowest Z value within one wavelength l was calculated. This operation was repeated for all the wavelengths l that can be extracted from the single scan by moving point aer point the l range along the whole scan length (ESI, † Fig. S2 ). Eventually, R Z was calculated by averaging all the measured differences in all linear x scans, and the error given is the related standard deviation. 
Results and discussion
Germanium sample characterization
The effects on the topography of the increase of the irradiating ion uence, with constant energy and incidence angle, are shown in Fig. 2a and b , where the AFM topographies of samples Ge-LD and Ge-HD are shown. In the insets, the corresponding 1D Z-Z ACFs indicate that the long-range regularity sensibly increases with the ion uence. The two-step transfer process was successfully applied to both samples, and COC substrates with two different degrees of topographical noise are therefore available for cell-material interaction studies. The discussion in this paper will mainly focus on the illustrative case of sample Ge-HD.
The AFM study of the transfer process is shown in Fig. 3 , while Fig. 4 reports the corresponding SEM study. For Ge-HD, the fundamental ripple spacing (wavelength l), given by the rst peak position of the ACF (Fig. 3d) is l ¼ 291 nm 95% c.i. [289, 292] . Fig. 3g shows the histogram of the Z heights of the AFM topography of Fig. 3a : a well-shaped two-level distribution is readable, that can be mainly ascribed to the Z distribution of the valleys and to that of the crests of the rippled surface. To estimate the ripple amplitude, described as the mean peak-tovalley excursion, the mean roughness depth R Z was calculated. For sample Ge-HD, the result is R Z ¼ 87 nm AE 13 nm. The 3D topography in Fig. 3j illustrates the high degree of order obtained on the germanium surface in the direction orthogonal to the ion beam. Another pattern of larger quasi-periodicity, oriented parallel to the ion beam, is also visible. This double periodicity is not new, 3 and indicates that at the current ion uence the surface evolution is that characteristic of a nonlinear regime. 6 The long range correlation of the rippled pattern is conrmed by the SEM image taken at the lowest magnication (Fig. 4a) . A higher magnication image of the patterns is reported in Fig. 4b , which shows the presence of the multiscale structure: the ripples show a nanowired structure along the ridges, which is more densely packed on the side opposite the one exposed to the ion beam; in the trenches, stripe-like traces are visible, which are parallel to the direction of the incident beam. The same multiscale structure was also visible for the Ge-LD sample (ESI, † Fig. S4 ). These structures look similar to the sponge-like morphology which develops on Ge surfaces when irradiated with normally incident heavy ions.
11 However, in this study the oblique incident angle does not produce the characteristic isotropically-distributed nanovoids but only a distribution of nano-wires on the ripple crests. It is worth noting that the rounded nature of the amplitude modulation shown by the AFM analysis is actually induced by the nite size of the AFM tip, and the resulting shape also depends on the dynamics of the measurement. In addition to the nanowired structure, the SEM image in Fig. 4b reveals that the shape of the amplitude modulation is better described by a sequence of ridges-and-grooves of comparable width. For the sake of clearness, the periodic patterns will still be called ''ripples" in the remaining of the paper. Nanoporous ripples recalling the structures here discussed were shown but not highlighted in, 39 where they had been obtained by irradiating a germanium surface with a 1 Â 10 17 cm À2 uence of 30 keV Bi + ions at 60 of incidence.
The two-step pattern transfer: characterization of the PFPE and COC sample surface
In the thermal NIL described in, 28 the transfer of the sub-micron patterns from the original rigid silicon mold to the thermoplastic material required the application of a pressure (typically 50 bar) and heat (up to 150 C), and the subsequent mechanical detachment of the replica. As a consequence, fractures frequently damaged the original precious mold, which had been obtained by electron-beam lithography and reactive ion etching. PFPE is a so material, which can be cross-linked by a low-cost UV-curing process, aer mixing with an UV initiator (see Section 2.2 for details). Con et al. 40 discussed that PFPE has a particularly low surface energy that allows the mold release without the use of agents that accelerate its degradation. They The arrows indicate the projection of the ion beam direction. The insets show the 1D height-height ACFs, which were calculated along the x direction, parallel to the ripple wave vector. To get a clearer overall view, in each curve the absolute minimum was set equal to zero. For a better readability of the ACF curves, the inset of (a) is also provided in ESI † as Fig. S3 ; the inset of (b) is also shown in Fig. 3d. proved that the elastic modulus of the PFPE lm is higher on the surface than deep inside the lm; hence, the stiff PFPE top surface offers a high resolution in the pattern transfer, whereas the more exible bulk promotes the conformal contact and an easy demolding. For all these properties, in this study, the intermediate PFPE template allowed the preservation of the fragile and expensive germanium samples and the nal transfer of the original rippled nanopatterns onto several COC replicas.
The AFM topographic 2D and 3D images of the PFPE mold produced from the Ge-HD sample, here called PFPE-HD, are shown in Fig. 3b and k. The 1D Z-Z ACF in Fig. 3e proves the preservation of the long-range correlation by the transfer process. If compared with Fig. 3j , the 3D image of Fig. 3k is less structured. Since this is the image of the negative surface replica of the germanium sample, the topographic elevations correspond to the original valleys, which are in fact less structured than the crests (see Fig. 4b ). Besides, when compared with Fig. 4a and b, the SEM images in Fig. 4c and d show the broadening of the original valleys at the expense of the original crest width. This feature is conrmed by the shape of the histogram of the Z heights shown in Fig. 3h , where the contribution from the original crests, which are partially "buried" in the replica (Fig. 4c and d) , only produces a shoulder around 47 nm; the impossibility for the AFM tip to entirely follow the PFPE-HD ripple prole down to the bottom of the amplitude excursion could have further enhanced this histogram characteristic. The cross section TEM analysis in Fig. S1 † reveals that the nanowired structures partially shadow the bottom of the valleys; therefore, the negative replica of this structure could produce the cited broadening. This is not only visible in the PFPE-HD sample, but also in the SEM image of the PFPE-LD sample, which is shown in ESI, † Fig. S5 .
By a thermal NIL process, the ion beam induced patterns were nally transferred onto COC foils. COC is a thermoplastic material with well-known biocompatibility and optical properties for high-resolution uorescence microscopy. 28 To evaluate the achieved delity of the transferred nal patterns, the surface morphology and related topographic measurements of the COC nal replica of the original Ge-HD, named COC-HD, are reported in Fig. 3c , f, i and l. The long range regularity is preserved, with a wavelength of l ¼ 304.7 nm 95% c.i.
[304. 4, 305 .0] nm. The calculated mean roughness depth is R Z ¼ 66 nm AE 16 nm, that indicates an overall weak lowering of the structure, if compared with the R Z value of Ge-HD. By inspecting the SEM image of Fig. 4f , a reduced contribution from the nanowired structure on the top of the crests is visible, that can justify the reduced R Z value. This is qualitatively conrmed by Fig. 3i , where the intensity of the peak that represents the contribution of the original crests is reduced with respect to that in Fig. 3g . The mean roughness depth calculated from the 2D AFM topography (ESI, † Fig. S6 ) of the COC-LD sample is R Z ¼ 98 nm AE 20 nm, which better overlaps the Ge-LD range: R Z ¼ 89 nm AE 15 nm; accordingly, for sample COC-LD the SEM image in Fig. 4h shows a better preserved porous structure. To explain the different residual of the original nanowired structure in sample COC-HD and COC-LD ( Fig. 4f and h) , the SEM analysis of samples Ge-HD and Ge-LD should be compared (Fig. 4b and S4 ). An effect of decreasing the ion uence is, on average, the slight increase of the valley width. Consistently, for Ge-LD the fundamental ripple spacing is l ¼ 331 nm 95% c.i. [330, 333] nm, which is higher than the value l ¼ 291 nm 95% c.i. [289, 293] nm, measured for Ge-HD. As a consequence, in the intermediate transfer process a better PFPE conformal contact could be possible for Ge-LD through a more effective inltration of the PFPE mixture. This is not directly reected by the AFM measurements on the PFPE replicas: as previously discussed, the broadening in the PFPE samples of the original valleys of the germanium probably hinders the tip from reaching the bottom of the PFPE channel. Accordingly, the R Z values obtained from sample PFPE-HD (Fig. 3b ) R Z ¼ 64 nm AE 12 nm, and from sample PFPE-LD (ESI, † Fig. S7 ) R Z ¼ 60 nm AE 13 nm are in fact comparable, whilst in the nal COC replicas R Z is again higher than the corresponding R Z value of sample COC-HD. In conclusion, the ner structures are better preserved for the COC-LD sample, even though structures of sizes well below 100 nm are present in both COC-HD and COC-LD samples ( Fig. 4f and h) . Therefore, for the investigation of cell-material interaction, a higher degree of the multiscale substrate structure is possible, at the cost of introducing, at the ion irradiation step, a higher degree of topographical noise in the sub-micron rippled pattern ( Fig. 4e and g ). In fact, keeping constant 26 keV ion energy and 60 incidence angle, the long range regularity of the nanoripples increases with the ion uence. This behavior is shown in Fig. S8 
Conclusion
A new two-step process for transferring multiscale nanopatterns from ion beam irradiated semiconductor surfaces to biocompatible thermoplastic substrates has been demonstrated. Different degrees of regularity of the patterns obtained by Au + beam irradiation are possible by tuning the ion uence value. The transfer process via a PFPE intermediate mold to a nal COC substrate allows the replication of the original multiscale structure with different degrees of delity, with features always well below 100 nm. This ensures in both cases the further investigation of cell-material interaction via topographical cues on different nanoscale sizes. Remarkably, the developed transfer process of rippled patterns obtained by ion implantation foresees its applicability in elds others than the biomedical eld here discussed.
